The neutron decay of an unbound resonance in 12Be has been measured at 1243 ± 21 keV decay energy with a width of 634 ± 60 keV. This state was populated with a one-proton removal reaction from a 71 MeV/u 13B beam incident upon a beryllium target. The invariant mass reconstruction of the resonance was achieved by measuring the daughter fragment in coincidence with neutrons. Despite being above the 2n separation energy, the state decays predominantly by the emission of one neutron to 11Be, setting an upper limit on the branching ratio for the two-neutron decay channel to 10Be of less than 5%. From the characteristics of the population and decay of the resonance, it is concluded that this state cannot correspond to the previously observed state at 4580 ± 5 keV.
I. INTRODUCTION
The structure of 12 Be has been studied extensively and substantial experimental evidence suggests that the N = 8 shell closure, which is present in less exotic N = 8 isotopes, is not present in 12 Be [1] [2] [3] [4] [5] [6] [7] . In addition to the ground-state structure, three bound states between 2 and 3 MeV have been measured with spins and parities of 2 + , 0 + , and 1 − [4, 5, 8] . A recent search for an additional 0 − bound state that had been predicted in a three-body model [9, 10] was unsuccessful [11] . Thus, these three states are most likely the complete set of bound states in 12 Be. In contrast, very little is known about the level scheme at higher excitation energies, where only two unbound states have been reported below 8 MeV with tentative spin and parity assignments. The states in 12 Be, as well as previously measured states in 11, 10 Be, are shown in Fig. 1 .
The lowest-measured unbound excited state in 12 Be at 4580 keV is above not only the 1n separation energy but also the 2n separation energy. It was first measured at an excitation energy of 4559 ± 25 keV in 1978 by Alburger et al. with a (t,p) reaction [17] . In 1994, Fortune et al. repeated the measurement and reported a resonance energy and width of 4580 ± 5 and 107 ± 17 keV, respectively [14] . Since these measurements, the state has been observed with four different reactions: 10 Be( 14 N, 12 N) 12 Be, 9 Be( 12 C, 9 C) 12 Be, 14 C( 12 C, 14 O) 12 Be, and 11 Be(d,p) 12 Be [18] . A second unbound excited state was reported at 5700 ± 250 keV [17] , 5724 ± 6 keV [14] , and 5700 keV [18] . * smith.jenna.kathleen@gmail.com
The spin and parity assignment of the first unbound state has been controversial and is presently not resolved. Initially, Fortune et al. assigned a spin and parity of 2 + based on a comparison of angular distribution measurements with distorted-wave Born approximation calculations [14] . However, Fortune and Sherr changed that assignment to 3 − based on a private communication from J. D. Millener who suggested that the population of the state was too strong to be a second 2 + state [19] . In contrast, a recent calculation by Garrido et al. suggests a probable spin and parity of 0 + for this state, although a 1 − or 3 − assignment would also be possible [20, 21] . Garrido's calculations are based on the three-body structure of 12 Be and are an extension of previous calculations performed for those bound states [9] .
Although the energy and width of the first unbound resonance have been measured, the neutron decay has previously not been observed and the branching ratios to the two bound states in 11 Be and the ground state of 10 Be have not yet been calculated. This paper reports on the observation of the neutron decay of a low-lying unbound state in 12 Be and preliminary limits on its branching ratios. Neutrons were measured in coincidence with 11 Be and 10 Be fragments to determine the 1n and 2n decay branches.
II. EXPERIMENT
The experiment was carried out at the National Superconducting Cyclotron Laboratory. An 18 O primary beam was accelerated through the Coupled Cyclotron Facility to an energy of 120 MeV/u and impinged upon a 2491 mg/cm 2 beryllium target. From the fragmentation products, the A1900 Fragment Separator [22] selected a 96% pure 13 B secondary FIG. 1. Level diagram of states in 12, 11, 10 Be, relative to the ground state of 12 Be. Neutron separation energies are from Ref. [12] . Bound and resonant state energies are from Refs. [4, 5, 8, [13] [14] [15] [16] ].
beam at 71 MeV/u. The primary carbon contaminant was eliminated by gating on the time-of-flight between two scintillators ( Fig. 2 ): one located 1 m upstream from the reaction target and the other located 10 m upstream from that.
The 13 B beam entered the experimental area (shown in Fig. 3 ) at a rate of approximately 8 × 10 5 particles per second. The secondary beam hit a 51 mg/cm 2 beryllium reaction target. A 1p removal reaction in the target created unbound 12 Be, which promptly decayed. Daughter fragments of 11 Be and 10 Be were deflected 43.3 • by the large-gap sweeper dipole magnet [23] , while the neutrons propagated 8 m to the Modular Neutron Array (MoNA) [24] and the Large-area multi-Institutional Scintillator Array (LISA). Each detector array contains 144 2 m × 10 cm × 10 cm plastic scintillator bars with photomultipler tubes coupled to each end to measure the time and position of interactions within the array. The two arrays were placed to allow for detection of higher energy neutrons at larger angles while not sacrificing detector depth along the beam axis.
After the sweeper dipole magnet, a suite of charged particle detectors were used to measure the position, angle, energy loss, remaining energy, and time-of-flight of the charged daughter fragments. Two cathode-readout drift chambers (CRDCs) [25] , separated by 1.55 m, measured the positions of the particles. Energy loss was measured with an ion chamber immediately following the CRDCs. A thin (5 mm) dE plastic scintillator was used to trigger the system readout, measure the time-of-flight of the fragments between it and the upstream scintillators, and provide an additional energy-loss measurement. The remaining energies of the fragments were measured with an array of CsI(Na) crystals.
Elemental identification of the daughter fragments was performed using the energy loss in the ion chamber as well as the energy loss in the thin dE scintillator. To improve the purity of the selected events, both energy loss measurements were used to select the beryllium fragments as shown in Fig. 4 . The different beryllium isotopes were separated by time-of-flight after correcting for position and angular correlations introduced by the sweeper dipole magnet following the procedure detailed in Ref. [26] . The final isotope separation can be seen in Fig. 5 . The position information after the sweeper magnet was used to track each fragment back through the dipole field and obtain its momentum vector before the magnet [27] .
The momentum vectors of the neutrons in coincidence with the 11 Be fragments were calculated from the locations and times of the interactions in MoNA-LISA. Neutron interactions in MoNA-LISA were separated from background γ rays by setting a threshold of 1 MeVee for the total charge deposited in the detector module as well as a time-of-flight gate that corresponded to prompt neutrons.
Information about the shape of the decay energy spectrum can be obtained from the neutron velocity. For neutrons emitted from an unbound fragment or state, the neutron velocity distribution should be centered around the beam velocity. For large decay energies, neutrons emitted perpendicular to the beam axis will not pass through the gap of the sweeper magnet while neutrons emitted forward or backward in the center of mass will be detected in MoNA-LISA. This effect will result in apparent peaks in the velocity spectrum at higher/lower beam velocities corresponding to the forward/backward emitted neutrons as shown in Fig. 6 . The strong forward and backward peaks indicate the presence of a strong resonance at a large energy.
The energy released in the decay of a nucleus to a fragment and one or more (m) neutrons can be calculated using the invariant mass method:
where E d is the decay energy and M f,n , E f,n , and p f,n are the masses, energies, and momentum vectors of the fragment and neutrons, respectively. For a two-body decay where only one neutron is emitted, this equation can be reduced to
The two-body decay energy spectrum for the 12 Be→ 11 Be+n decay is shown in Fig. 7 . As already evidenced by the neutron velocity spectrum, a strong peak is present around 1200 keV. The three-body decay of excited 12 Be into 10 Be + 2n is more difficult to measure because a single neutron can interact multiple times in MoNA-LISA and can therefore be incorrectly identified as a two-neutron decay. The interactions in MoNA and LISA were time-ordered and the three-body decay energy spectrum was calculated from the first two interactions. The resulting three-body decay energy spectrum for the 12 Be → 10 Be + 2n decay is shown in Fig. 8 . This figure still contains incorrectly identified events from a single neutron interacting multiple times. To eliminate these events, causality cuts were applied [28] [29] [30] . Specifically, the distance between the two interaction points was required to be greater than 50 cm and the velocity of a hypothetical particle traveling between the two interactions had to be greater than the velocity of the neutron traveling from the target to the first interaction point. Although these cuts also eliminate real two-neutron events, they reduce the percent contribution of interactions due to a single neutron scattering. The three-body decay energy spectrum with causality cuts applied is shown in the inset of Fig. 8 . The elimination of almost all the events implies that the original three-body spectrum was dominated by one neutron scattering and that the apparent peak around 600 keV does not correspond to a resonance in 12 Be.
III. DATA ANALYSIS
The interpretation of the data was performed with a Monte Carlo simulation that includes the incoming beam distribution, the reaction and decay in the target, the neutron-induced interactions in MoNA-LISA, the sSweeper magnet, and all detector resolutions and efficiencies. Modeling of the neutron interactions was performed with GEANT4 and the custom neutron interaction model MENATE_R [31] . The input decay energy line shape was an energy-dependent Breit-Wigner distribution [32] : where the position of the peak is E 0 , and the energy-dependent width ( ) and the resonance shift ( ) are both functions of the angular momentum of the neutron ( ), the position of the peak, and the intrinsic width of the state ( 0 ). In addition, a small background contribution was simulated with a Maxwellian distribution.
The solid black line in Fig. 9 shows the best fit to the data. It corresponds to an = 1 decay with a decay energy of 1243 ± 21 keV and a width of 634 ± 60 keV. A small (<2%) contribution from a Maxwellian background distribution with an energy of 500 keV is needed to fit the shoulder at low energies. The width compares favorably to the approximately 800 keV single-particle decay width as calculated from Bohr and Mottelson [33] . It was not possible to fit the data with an = 2 line-shape simulation unless the width was increased to unphysical values of more than 15 times the single-particle width of approximately 250 keV. An = 0 resonant state, which could be present due to a deformed 11 Be core [34, 35] , also did not fit the data.
The observed state in 12 Be is not only unbound with respect to one-neutron decay but it can also decay to the ground state of 10 Be by emitting two neutrons. The measured three-body decay energy spectrum displays a peak at around 500 keV that disappears when the causality cuts are applied (see Fig. 8 ). The lowest possible excitation energy of the one-neutron decay energy is 4412 keV (S n ( 12 Be) = 3169 ± 16 keV [12] ), corresponding to a three-body decay energy of about 740 keV (S 2n ( 12 Be) = 3671 ± 16 keV [12] ). It is therefore unlikely that this state has a significant 2n branching to 10 Be. To establish an upper limit on the branching ratio of the 2n decay of the 12 Be resonance, simulations were performed which (in addition to the 2n decay) included possible contributions from directly populated states in 11 Be that subsequently decayed to 10 Be. Three unbound states in 11 Be that had previously been observed in neutron removal reactions from 12 Be [6, 15] were included in the fit: the decay of the 5/2 + state and first 3/2 − state to the ground state with decay energies of 1277 and 2690 keV, respectively, and the decay of the second 3/2 − state to the first excited state of 10 Be (E decay = 80 keV). The resonance parameters taken from Ref. [15] were kept fixed and only the relative intensities of each component were varied.
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The results of these simulations displayed in Fig. 10 demonstrate that the spectral shape can be almost completely described with decays from the one-neutron emission from 11 Be with only a small contribution from the two-neutron 12 Be. All other colored lines are resonant one-neutron decays from 11 Be as used in Ref. [15] and described in the text. The solid black line shows the sum. The inset spectrum shows the same data and simulations with the causality cuts applied. decay of 12 Be. In this figure, the blue dashed line is the 2n decay from 12 Be, the green dot-dashed line is the decay from the second 3/2 − state to the first excited state of 10 Be, and the red dotted and purple solid lines correspond to the decays of the 5/2 + and 3/2 − states to the ground state of 10 Be. The effectiveness of the causality cut is shown in the inset plot where most of the cross-talk from multiple interactions of the single-neutron decay have been eliminated and only the true two-neutron events remain. The magnitude of the small 2n contribution (as established from the fit to the raw data) is well reproduced. Combining the results of this fit with the strength of the one-neutron decay discussed earlier places an upper limit of 5% on the two-neutron decay branch of the 12 Be resonance.
IV. DISCUSSION
The assignment of the observed resonance with a decay energy of 1243 ± 21 keV to an excitation in 12 Be is not unique because it can decay to either the 1/2 + ground state or the 1/2 − first excited state in 11 Be. The parity of the initial state can be determined from the multipolarity of the transition ( = 1) and the parity of the final states. A transition to the positive-parity ground state would establish the parity of the 12 Be resonance to be negative while a transition to the negative-parity first excited state would require the state to be of positive parity. Table I lists the relevant parameters for these two scenarios.
Although neither the = 0 decay nor the = 2 decay fits the data, the data can be described by an admixture of = 1 and = 0,2 decays. Any = 0,2 contributions would decay to the opposite state as the = 1 decay. Thus if the unbound state is of negative (positive) parity, the = 0,2 decays would leave the 11 Be daughter in the excited (ground) state and push the central energy of the resonance higher (lower). Therefore the upper and lower limits for the excitation energy of the unbound state are set by the fit with a single = 1 component. The range of possible excitation energies is thus from 4400 to 4800 keV. The 4400 to 4800 keV range might suggest that the currently measured state corresponds to the previously measured 4580 keV state [14] . If this were true, and it decayed by a single channel to the ground state or the bound excited state in 11 Be, the central energy would be 1391 or 1071 keV, respectively. Line shapes with those central energies are shown as the green dotted lines in Fig. 9 and it is evident that they cannot fit the data alone. The strongest argument against the interpretation that these states are identical, however, is the large difference in the observed widths. While Fortune et al. [14] reported a width of 107 ± 17 keV, the width of the present state is 634 ± 60 keV. Even the empirical enhancement factor of 1.6 suggested in Ref. [36] is not sufficient to explain this discrepancy.
The present data also do not support a 3 − assignment. Any reasonable fits to the data must contain some contribution of the = 1 decay. Such a decay is forbidden from a 3 − to either the ground or first excited state of 11 Be which have spin and parity of 1/2 + and 1/2 − , respectively. The need for the = 1 component coupled with the spins and parities of the states in 11 Be limits the spin assignment to either 0, 1, or 2. A similar restriction can also be derived from the reaction mechanism. The protons in the 3/2 − ground state of 13 B predominantly occupy the s 1/2 and p 3/2 orbitals. Thus, a one-proton removal reaction can only populate states with spin 0, 1, or 2. The one-proton knockout is also unlikely to populate a 0 − state, because that would require the removal of a d 3/2 proton.
The above arguments lead to the conclusion that the present experiment populated a new excited state in 12 Be with a spin assignment of 0 + , 1 + , 1 − , 2 + , or 2 − . A calculation of neutron decay branching ratios by Garrido et al. [20] shows significant strength to the two-neutron decay channel for all calculated positive-parity states and much less for all negative-parity states. This suggests that the unbound state is either a 1 − or a 2 − state.
The observation of a new state does not contradict the original (t,p) measurements. Fortune et al. state "Below 6 MeV excitation energy, our data allow us to set an upper limit of 30 μb/sr cross section for any possible missing narrow state of 12 Be" [14] . Thus, they were not sensitive to a very broad state as observed in the present experiment.
Additional evidence for a different state can also be deduced from the unpublished work of Johansen [37] . Excited states in 12 Be were populated in a (d,p) reaction with a radioactive beam of 11 Be in inverse kinematics. A neutron unbound state at an excitation energy of ∼4500 keV was observed. Similar to the present work, the observed width was significantly larger ( 200 keV) than the width extracted from the (t,p) experiment (107 ± 17 keV).
A second state in this energy range would resolve the recent disagreement about the spin assignment of the originally measured state between Fortune [38] and Garrido et al. [21] . The narrow state observed in the (t,p) reaction could correspond to a 3 − state while the presently observed state could be a 1 − state as proposed by Garrido et al. No calculation for a potential unbound state with a spin and parity of 2 − was presented in those reports [20, 21] .
The presence of additional states in this energy region is not unexpected. Continuum shell model calculations [39, 40] predict several unbound states including one 2 − state and two 1 − states as shown in Fig. 11 . The lower-lying 1 − state corresponds most likely to the measured bound 1 − state. The 2 − state has a calculated energy most similar to the presently measured state.
V. SUMMARY
In summary, we have measured the neutron decay of an unbound state in 12 Be. The one-neutron decay energy spectrum is best fit by an = 1 decay with a decay energy of 1243 ± 21 keV. This corresponds to an excitation energy of either 4412 or 4732 keV depending on the final state of the fragment and to a range of 4400 to 4800 keV when the possibility of simultaneous decay to the ground and excited states of 11 Be are considered. The extracted width is 634 ± 60 keV. No evidence for the 2n decay channel to 10 Be was observed, establishing an upper limit of 5% for this decay branch. Although the measured excitation energy is consistent with the previously measured state at 4580 keV, the large width as well as the small 2n branching ratio indicate that this is a new state. Based on the measured branching ratios, the selectivity of the reaction mechanism, and comparison to theory, the most likely spin and parity for this new state is 2 − .
